The cubic interaction vertex and the dynamical supercharges are constructed for open strings ending on D7-branes, in light-cone superstring field theory in PP-wave background. In this context, we write down the symmetry generators in terms of the relevant group structure: SU(2) × SU(2) × SO(2) × SO(2), originating from the eight transverse directions in the PP-wave background and use the expressions to explicitly construct the vertex at the level of stringy zero modes. The results are further generalized to include all the stringy excitations as well.
Introduction
Maldacena's conjecture [1] of the duality between Type-IIB superstring theory in AdS 5 × S 5 background and N = 4 super-Yang-Mills theory has gone through several nontrivial checks at the level of supergravity. However, in most of the AdS/CFT dualities, it is not possible to go beyond the supergravity approximation on the string side, making its usefulness limited. Recently, the authors of [2] elucidated, that there exists a new scaling limit, in which a particular subsector of the N = 4 super-Yang-Mills theory gets mapped to Type-IIB superstring theory in a PP-wave background. PP-wave backgrounds can be obtained by taking a 'Penrose limit' [3, 4, 5] of the geometry near a null geodesic in AdS 5 × S 5 carrying a large angular momentum on the S 5 . The metric is then given by,
with a constant RR-5 form flux,
where µ is a scaling parameter of mass dimension one. It is also interesting to note that the background in (1.1)-(1.2), preserves maximal IIB supersymmetry [6] . What makes the new duality tractable, is the fact that string theory in this background is exactly solvable in light-cone GS formalism [7] , despite the presence of a nonvanishing RR field. Using this fact, the authors of [2] gave a proposal to match the string states of this free world sheet theory, to operators characterizing a certain subsector of the N = 4 super-Yang-Mills theory. The proposal amounts to picking a U(1) R subgroup of the SU(4) R-symmetry and constructing trace operators, with a large U(1) R charge J and conformal dimension ∆ , which together scale as √ N , keeping the difference ∆−J finite in the large N limit. Subsequent developments included deducing the string interaction vertices from the three point correlation functions of the these BMN operators [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25] . Then using light-cone string field theory approach one constructs cubic string interaction vertices in PP-wave background, corresponding to splitting or joining of closed strings [26, 27, 28, 29, 30, 31, 32] . In this manner, one verifies the duality even at the level of interactions.
A generalization of AdS/CFT duality to the one between defect CFT and AdS spaces has also been analyzed in the literature [33, 34, 35, 36, 37, 38, 39, 40] . Such dualities in general originate from intersecting configurations involving a D3 brane with other D-branes, when a decoupling limit is applied on this brane configuration. The conformal structure of the boundary theory follows from the fact that the gauge theory living on the intersection of the D3 and Dp-brane goes over in the decoupling limit to the one living on an AdS n ⊂ AdS 5 . Therefore one also has a conformal structure of the (n − 1)-dimensional defect CFT, in addition to the one coming from AdS 5 , thus giving a much richer physical structure. Considering such an interesting application of D-branes to the duality between string and gauge theories, it is important to study D-branes as well as their interactions [41] , in PP-wave backgrounds. In this context, various brane configurations in PP-wave background have been studied. The world sheet constructions for the free theory on these branes have been given in [42, 43, 44, 45, 46] . Also, several supergravity solutions and other aspects of various brane configurations in PPwave background have been studied in [44, 45, 47] . In addition, emergence of open strings from super-Yang-Mills theory has also been shown by the authors of [48, 49] . They construct certain determinant and sub-determinant operators , which turn out to be the Yang-Mills descriptions of the D-brane states or giant gravitons, in the PP-wave background. In a recent work [50, 51] , certain symmetry related branes have been found and are argued to correspond to the giant gravitons.
In view of the above dualities between open strings and super-Yang-Mills at the free theory level, it becomes important to check whether this holds when the interactions are incorporated. Motivated by the above results, in this paper, we construct the cubic interaction vertex, corresponding to joining of two open strings to give a third open string, on a D7-brane. To perform this exercise, we use the light-cone superstring field theory formalism [52] developed by Green and Schwarz in flat background [53, 54] . In the case of flat space, the transverse SO(8) symmetry of the theory was given up in [55] and one used the spinors of SU(4) for certain technical advantages. In the PP-wave background, SO(8) symmetry is broken to SO(4) × SO(4) . D7-brane boundary conditions break this symmetry further. We therefore use appropriate decompositions of the space-time coordinates in terms of the relevant symmetry: SU(2) L × SU(2) R × SO(2) 1 × SO(2) 2 to write down vertices and symmetry generators (for appearance of similar group structure in different context in string theory see [56] ). This paper is organized as follows. In section-2, we review the world sheet construction for Dp-branes in PP-wave background and give expressions for all the symmetry generators. In section-3, we discuss the basics of light cone string field theory following the work of Green and Schwarz and construct the cubic interaction vertex involving stringy zero modes. In section-4, interaction vertex for all the non-zero open string modes is derived analogously. In section-5, we present discussions and conclusions.
2 Review of worldsheet construction
D7-brane worldsheet theory
We start by giving the main results of the open string construction for the case with both Neumann and Dirichlet boundary conditions. We will restrict ourselves to the case of D7-branes in this paper, although other D-branes can be discussed along similar lines. The relevant bosonic degrees of freedom in the light-cone gauge Green-Schwarz formalism [7, 43] To describe a Dirichlet p-brane, we impose Neumann boundary conditions on p − 1 coordinates and Dirichlet boundary conditions on the remaining transverse coordinates:
The class of D branes that we consider here belong to the category of 'longitudinal' D-branes in the language of [40] . For such branes the light-cone bosonic coordinates : X ± also satisfy the Neumann boundary conditions [43] . For the fermionic coordinates, the boundary condition is
where, as in flat space, Ω is a real (constant) matrix Π k γ k , with the product running over the Dirichlet directions. Since, we are interested in D-brane configurations that preserve sixteen supesymmetries, the choice of allowed Ω is constrained further by the following two conditions:
3) is the matrix that defines the form of the mass term on the worlsheet for these spinors and is responsible for breaking the transverse SO(8) symmetry down to SO(4) × SO(4) [2] . The mode expansion of the bosonic coordinates, satisfying the equations of motion and the boundary conditions in eqns.(2.1), (2.2) is given by [43] : 6) and m = µp + . For the consistency of the supersymmetry algebra, one chooses the zero mode of X r ′ to be zero, which corresponds to a Dp-brane stuck at the origin X r ′ = 0. The mode expansion of the fermions are:
where,
The canonical momenta are: 10) and the canonical commutation relations are given in terms of various modes as:
For definiteness we now consider the case of a D7-brane extending along (+−123456) directions. This configuration breaks the SO(4) × SO(4) symmetry of the PP-wave background further. Thus we have, 
) , (2.14) with the superscripts denoting SO(2) 1 ×SO(2) 2 charges. Hence, the SO(8) spinors decomposed in terms of the fermionic creation and annihilation operators are: 15) where α andα are the doublet indices of SU(2) L and SU(2) R respectively. Although, the decompositions (2.15) are given only for the zero modes in eqn.(2.7), similar results hold for the higher modes as well. The canonical anti-commutation relations in this basis take the form:
The Fock vacuum is,
Among the nonzero modes, the positive ones act as annihilation operators and the negative ones act as creation operators.
Symmetries of the free theory
We now write the supersymmetry algebra and give the expressions for the symmetry generators for the free theory. In the light-cone formalism, the generators of the basic superalgebra can be split into the kinematical generatorsP α . The dynamical symmetry generators depend on all the non-zero stringy modes and also receive corrections from the interactions. As has been already mentioned, the left over isometry of the PP-wave due to the presence of D7-branes is SU(2) L × SU(2) R × SO(2) 1 × SO(2) 2 , and the unbroken kinematical symmetriy generators are given as [7, 43, 50] :
18)
Since, Q + andQ + as well as Q −1 and Q −2 are related as [43] , 27) one generally considers the particular combinations given below, which preserve the D7-brane supersymmetries that we are interested in:
1 We have used a hat over the momentum generator to avoid mixup with components of momenta defined later on.
The non-vanishing (anti-)commutation relations are [43] :
where
In section-3, we will rewrite some of these generators and the commutation algebra using the symmetry structure in eqn.(2.13).
Zero mode vertex in GS light-cone SFT
In this section we first discuss some known results of the GS light-cone string field theory formalism and then apply them to write down the zero mode interaction vertex. As we shall see, most of the conceptual and technical aspects of the problem are already addressed in the zero mode analysis. We start by discussing the cubic open-string vertex corresponding to a process, where two open strings on a D7-brane join at their ends at τ = 0 to give a third open string. The construction follows the earlier work of Green and Schwarz [53, 54, 55] for flat space. It involves writing down the dynamical generators in terms of the string fields, which can create or destroy complete strings. The string fields can be expanded in a number basis representation as follows,
where p k is the k-th Fourier mode of p(σ) and the sum is over all possible sets of harmonic oscillator occupation numbers {n k } with ψ n (p) being the harmonic oscillator wavefunction for occupation number n. Here, ϕ {n k } is an operator that creates or destroys a string in the state |{n k } at time τ = 0. The full Hamiltonian has the form
with similar expansions for Q − and Q − , where κ is the coupling constant. The interaction
Hamiltonian as well as other dynamical generators can be expressed in terms of the string fields and hence, in a number basis representation. The coordinates of the three strings are parametrized as follows,
where α r = 2α ′ p + , and r = 1, 2, 3 denote the string indices . We also have
and one takes α (1) , α (2) positive as the corresponding strings are annihilated by the vertex operator. With this labelling, the coordinates of the strings mean,
The rest of the coordinates can be written in a similar form. Before proceeding, it is important to decompose the SO(8) invariant dynamical supercharges in the SU(2) doublet notation according to the embedding (2.13). Under this embedding, the vectors decompose as,
and the fermion decomposition is given in eqn. (2.14) , where the superscripts indicate the SO(2) 1 × SO(2) 2 charges corresponding to rotations in 56 and 78 directions. To proceed further, we need various expressions written in terms of the representations of the group (2) 2 . Therefore, the relevant string degrees of freedom for us (e.g., eqn.(2.7)) are,
with 
with α andα being the SU(2) L , SU(2) R indices respectively. Further, we have the definitions, X αα = X Ṫ αα ,X αα = X † αα , and similar ones for P αα andP αα . Also, X ± ,X ± and P ± ,P ± are defined as:
Above combinations of coordinates and momenta have in fact been obtained by using a specific representation of 8-d Dirac γ matrices:
12)
where ǫ = iτ 2 . These γ's which decompose the quantities X I γ I and P I γ I as in eqn.(3.8)- (3.10) are identical to the ones in [57] , except for minor relabelling suitable to match with results in [43] . In this representation of γ matrices Ω and Π are given by,
Using the above results, supersymmetry generators are written in terms of λ α , λα ,λ α ,λα . The kinematical supersymmetry generators for example have the form: [55] . Now, the procedure for constructing the vertex consists of two steps. The first step amounts to obtaining the kinematical part of the three string vertex that would occur, if the entire interaction Hamiltonian were given only by the kinematical factors and no other terms. These are the same as in flat space and arise from the commutation relations of dynamical generators H with the kinematical generators P I , J +I , q + . This gives the exponential part of the vertex.
We postpone more detailed discussion of this part to section-4. Here, our main focus would be on the second step, which involves the calculation of prefactor, obtained from the algebra of dynamical generators. At the level of zero modes, the kinematical part of the vertex takes a simple form and can be obtained by imposing the constraints coming from the PP-wave superalgebra of kinematical generators. Hence, the bosonic and fermionic coordinate continuity and local momentum conservation equations take the form:
Note that the indices (which we have suppressed) on coordinates and momenta run only over the Neumann directions (having zero modes), and hence the constraints on the vertex are only in these directions. Hence, the kinematical part of the zero mode vertex looks as follows: 20) where the bosonic part, 21) and the fermionic part,
withλ =λ (1) +λ (2) +λ (3) and a † = 1/ √ αµp 0 + i/2 √ αµx 0 . The matrix M rs is as defined in [26] , and is being given in the appendix. Having determined the kinematical part of the vertex | V kin , we now calculate the prefactor for the zero modes of the open strings ending on the D7-brane. The calculation of prefactor involves making an ansatz, for the functions multiplying the kinematical part of the vertex and the dynamical supercharges. The algebra of dynamical generators, then provides certain consistency conditions. These conditions determine the unknown functions uniquely. We begin by writing down the independent components of the dynamical supersymmetry generators, which can be seen by examining either Q −1 or Q −2 . Using the decompositions (2.14) and (3.6), the dynamical supercharge given in eqn.(2.23) (or equivalently eqn.(2.29)) can be written in the following form:
25)
Now, we use the above form of generators to determine the interaction vertex |H , | q
etc., in a number basis defined interms of the string fields as [55, 26] :
The kinematical part of the vertex has been already given in eqn. (3.20)-(3.22) . The prefactors multiplying the kinematical vertex are given in terms of the unknown functions (to be determined below) f αα ,f αα , f ± , f α , fα,f α ,f α as:
where, 34) with similarly looking expressions forĪ P αα , P ± , Λ α , Λα andΛ α . The unknown quantities f α ,f α etc., multiplying the vertex are assumed to be functions of onlyΛ, as Λ| V kin = 0. In other words, they are functions of the bosonic and fermionic conjugate momenta only. Above ansatz for the prefactors are slightly different from the ones in [54, 26] for the closed strings and are along the lines of results for open string in flat space [55] . The form of functions f can now be determined by requiring that the PP-wave superalgebra is satisfied to O(κ). For the generators q − (r)α transforming nontrivially under the group SU(2) L in eqn.(2.36), this takes the form: Also, the canonical commutation relations in our basis take the form:
X αα ,P ββ = i δ αβ δαβ δ rs , X αα , P ββ = i δ αβ δαβ δ rs , (3.42)
with r and s being string indices. Further, one gets the following useful set of relations involving the supercharges q − (r)α : 48) and the following algebra for the complex conjugatesq − (r)α : 
The relations involving the complex conjugatesq − (r)α are given as:
Using the conservations laws in eqn.(3.16)-(3.19) the state | V kin can be shown to satisfy:
Now, substituting our ansatz for the prefactors of the dynamical generators given in eqn.(3.28), in the PP-wave superalgebra in eqn.(3.36), (3.37) and using the above relations, we end up with the following equations for the unknown functions f α ,f α : Similarly, the relation in eqn. (3.39) gives the following set of equations for the unknowns f α andfβ:
The set of algebra in eqns.(3.40) result in the following consistency conditions for fβ,f α :
and finally the relations in eqn. (3.41) lead to the following conditions onf α ,fβ:
It is worth noting that some care has to be taken while solving the above consistency conditions, as they involve grassmann functions. We find that the set of equations (3.65)-(3.75), are solved by the functions: 
The dotted counterpart to equation (3.35) leads to slightly different conditions than in eqns. 
Superstring vertex
In this section we generalize our results of the previous section to the full string theory by following the approach of [55, 26] for both closed and open strings earlier. Before proceeding, we note, that at τ = 0 the bosonic mode expansions for Neumann directions given in eqns. (2.4) can be written in the form: 1) and their conjugate momenta are given as :
For Dirichlet directions we have:
with their conjugate momenta being:
To write down the mode expansions of fermions S 1 and S 2 , one can use a decomposition similar to the one in previous section for zero modes, i.e. eqn. (3.7). One also notes using eqns. (2.7) that they satisfy S 1 (σ) = ΩS 2 (−σ). We therefore use the following decompositions for the fermion fields and their modes in eqn. (2.7) :
The complex combinations λ α (σ),λ α (σ) etc, which can also be identified as components of (1 ± iΩ)S 2 , then have the following mode expansions:
In writing the above form of the mode expansions, we have used the explicit representation of Ω and Π matrices given in eqn.(3.14), with R n 's defined in terms of fermionic creation and annihilation operators as:
10)
Rα n = i √ αC n λα n − ρ n λα −n , (4.11)
and λ 
with similar commutation relations for the Rα's as well. The bosonic and fermionic mode expansions given in eqns.(4.1), (4.2) and (4.6)-(4.9), have been written in a form so as to match with the ones given in [55] . With this matching, it is possible to determine the exlicit form of the kinematical part of the open string vertex from the fourier modes of the constraints:
Here, r is the string index and ε r is +1 for an incoming string and −1 for an outgoing one. These conditions generalize the constraints given for the zero mode vertex in eqns.(3.17)-(3.19), to the full open superstring. This part of the vertex has been derived in sufficient detail in [26] with further corrections given in [30] , for the case of closed strings in PP-wave background. In our case, the constraints on the vertex coming from the Neumann and Dirichlet directions, when written in terms of the Fourier modes, are slightly different. However, as seen from [54] in a different context, the form of Neumann matrices satisfying these constraints are identical. Hence, we only quote the results for the Neumann matrices, focussing more on the calculation of the prefactor. The kinematical part of the vertex takes the form:
where |E b and |E f are the bosonic and fermionic contributions to the kinematical part of the vertex. The bosonic part of the kinematical vertex obtained by solving the constraints in eqn.(4.16) is given by [26, 31] : 19) where
n . In the above equation,N rs mn are the bosonic Neumann matrices defined in the appendix. Similarly, the Fermionic part of the kinematical vertex satisfying the constraints given in eqn.(4.17) turns out to be [26, 31] :
(λ (2) −λ (1) ) and |E 0 f is the zero-mode part of the fermionic vertex given in eqn. (3.22) . The matrices Q rs mn and Q r m are the fermionic Neumann matrices. Their relation to the bosonic Neumann matrices are given in the appendix. Using the factorization theorem given in [53] for the flat space, and generalized to PP-wave case in [29, 30] , one can show that the kinematic vertex in eqn. (4.18) satisfies the constraint equations (4.16) and (4.17) .
Having discussed the kinematical part of the vertex |V kin , we go on to determine the prefactors, that multiply the vertex and the dynamical generators. First, we form the following combination of dynamical supercharges given in eqn.(2.29):
Similar combinations of supercharges have been considered in [53] , for the case of open strings in D = 10 which in the present context will correspond to a D9-brane in flat space. Using the form of matrices Ω and Π given in eqn.(3.14), we can now write down the various components of dynamical supercharges given in eqn.(4.21) as:
24) 25) with the definitions λ ± ≡ λ(σ) ±λ(σ) = λ(σ) ± λ(−σ).
For stringy generalization of operators IP and Λ appearing in the last section one needs to take care of the singularity at σ = πα 1 by defining [55, 26] :
with similar definitions forP ,X, X ± ,X ± . Also, the same thing holds for the second and the third strings. The commutation relations involving Q − (r)α ′ s then have identical forms as given in (3.53)-(3.60). However, in the present case, there are additional relations which are non-zero and useful in determining the prefactors:
Similarly, for the Q − (r)α 's, we have:
Using X | V kin = 0 and Λ | V kin = 0 as in [26] , the state | V kin can be shown to satisfy:
In writing the action of the dynamical supercharges on the vertex, we have also made use of the fact that ∂ σ X r | V kin = 0 = P r ′ | V kin , where r and r ′ are Neumann and Dirichlet directions respectively. These relations can be explicitly verifed in the oscillator basis representation [27, 30, 31] , keeping in mind that the mode expansions for string coordinates in the Neumann directions are given in terms of cosines and for Dirichlet directions in terms of sines. Now, we can repeat the exercise of section-3 to determine the prefactors for the superstring vertex, by demanding that the PP-wave superalgebra in eqns.(3.35)-(3.38) is satisfied. For Q a 's the form of ansatz is same as given in eqns.(3.29)-(3.32) and for the interaction Hamiltonian we have, 35) wherein, the quantities f 's are again the functions ofΛ α ,Λα which are generalized to include all the string non-zero modes, with the definitions as in eqn. (4.26) . Similarly, P ± , P αα etc.
are stringy generalizations of IP's appearing in section-3, and contain all the non-zero creation operators. These quantities can be explicitly realized in the oscillator basis as well. We also note that, unlike in flat space, there may be some µ dependent normalizations in the above ansatz for the interaction vertex, corresponding to the difference in functional and oscillator basis expressions [30] . However, in the following analysis, we ignore these normalizations. Using the supercharges given in eqns. 65)-(3.75) . However, the functions f need to satisfy certain additional conditions. First, the relations given in eqns.(3.36) and (3.37) imply the following conditions for f α andf α :
Equations (3.38) and (3.39) lead to further restrictions on fβ, f α , andfβ as given below: 
Conclusions
In this paper, we have discussed the construction of cubic interaction vertex for an open string ending on a D7-brane in PP-wave background, using Green-Schwarz light-cone string field theory formalism. We explicitly determined the prefactors for the cubic interaction vertex and the dynamical supercharges at the level of zero modes and then generalized it to include all the stringy excitations. This was achieved by writing down all the symmetry generators in terms of the D7-brane symmetry structure SU(2) L × SU(2) R × SO(2) 1 × SO(2) 2 . It is interesting to note that prefactors for the interaction vertex resemble those of the flat space [55] . It will be nice to give an oscillator basis realization of the prefactors appearing in the superstring vertex as given for the flat space case in [55] . Such expression for the closed strings in PP-wave background have already been given in [27, 30, 31] . The proposal of [9] for closed strings, amounts to calculating cubic string interaction amplitudes in the light-cone string field approach, and relating them to the three-point correlation functions on the super Yang-Mills side. In the present case, having found the cubic open string interaction vertex, it would be interesting to calculate the dual field theory correlation functions and three-point functions using the determinant operators given by [49] , or in terms of defect CFT correlation functions. This would provide a check of the BMN duality, for open strings even at the level of interactions. It would also be worthwhile to address the question of the existence of higher order open string interactions in PP-wave background, as has been discussed by [19] for the case of closed strings.
Finally, although our construction of the cubic vertex was for an open string on a D7-brane in PP-wave background, similar analysis should hold for the case of open string interactions on other D3 and D5 branes as well. We hope to get back to these issues in future. where β = α (1) /α (3) .
2. Bosonic Neumann matrices appearing in the exponential of the kinematical part of the superstring vertex are defined as [26, 30] : 
